Aligned MWCNT/epoxy composites made with the three types of the multi-walled carbon nanotubes (MWCNTs) with different thermal annealing temperature have been prepared, and the tensile tests and thermal expansion tests of the composites in the MWCNT alignment direction were conducted to evaluate the effects of crystallinity of MWCNTs on the mechanical and thermal expansion properties of aligned MWCNT reinforced epoxy composites. Additionally, the coefficients of thermal expansion (CTEs) of the MWCNTs in the axial direction were computed by using the Young's modulus of the MWCNTs and the CTE of the composites in Turner's model. The annealing temperatures of the MWCNTs were 2400˚C and 2900˚C. It was shown that the thermal annealing of MWCNTs was effective for improving the crystallinity of the MWCNTs, while it had no major effects on both tensile strength and Young's modulus of the composites. This is mainly because the thermally annealed MWCNTs themselves possessed almost comparable nominal tensile strength (~4-5 GPa) and Young's modulus (~200 GPa) compared with the as-grown MWCNTs. On the other hand, we demonstrated by thermal expansion testing that the thermal contraction of the composites in the nanotube alignment direction was observed by the addition of MWCNTs. All the MWCNTs possessed negative CTEs and the CTEs tend to become more negative with increasing annealing temperature. This is probably because of a decrease in the number of small defects (vacancies and Stone-Wales defects) and intershell cross-linking defects associated with sp 3 carbons, and an increase in the sp 2 carbons owing to the high-temperature thermal annealing.
Introduction
Recently, twist-spun yarns and continuous unidirectional sheets comprising multi-walled carbon nanotube (MWCNT), which are fabricated by directly drawing MWCNTs from drawable MWCNT forests, have been developed (Jiang, et al., 2002; Zhang, et al., 2004 Zhang, et al., , 2005 , and novel processing methods utilizing twist-spun yarns and unidirectional sheets have emerged as means of producing composites and electronic devices. To make decisions on fundamental design of composites and devices, the understanding the coefficient of thermal expansion (CTE) as well as the mechanical properties of CNTs is essential. In particular, electronic devices may experience high temperatures during manufacture and operation processes, which lead to differential thermal expansion and residual stresses in devices, and affects the device reliability. Many experimental studies to date have focused on a CTE of MWCNTs in the radial direction and its temperature dependence (Bandow, 1997; Maniwa, et al., 2001a Maniwa, et al., , 2001b . However, experimental studies for an axial CTE of CNTs are quite limited, and instead thermal expansion behaviors of composites reinforced with CNTs were evaluated. For example, Alamusi et al. (2013) evaluated the thermal expansion properties of CNT/epoxy composites using a multi-scale numerical technique in which the effects of both CNT weight fraction and temperature were investigated. The numerical results were in reasonable agreement with the values obtained from both the experimental and theoretical results. Deng, et al. (2014) studied the CTEs of single-walled CNTs (SWCNTs) and double-walled CNTs (DWCNTs) by measuring the dependence of Raman spectroscopy of nanotubes in epoxy composites. The CTE values of both SWCNTs and DWCNTs were determined to be positive, however, the CTEs in the radial direction as well as those in the axial direction may affect the experimental results due to a random distribution of the CNTs in the epoxy matrix. Some researchers also investigated analytically the temperature dependence of axial CTEs of CNTs (Raravikar, et al., 2002; Schelling and Keblinski, 2003; Kwon, et al., 2004; Jiang, et al., 2004; Alamusi, et al., 2012) . Recently, the authors investigated experimentally the thermal expansion behavior of aligned MWCNT/epoxy composites in the direction of MWCNT alignment, and the CTE of the MWCNTs in the axial direction were deduced by Turner's model (Shirasu, et al., 2015) . We demonstrated that the negative thermal expansion observed in the composites increased with a volume fraction of MWCNTs, and the axial CTE of the investigated MWCNTs with an average outer diameter of 40 nm estimated to be negative. In addition to above study, we evaluated the CTE of MWCNTs with smaller outer diameter (average 25 nm) but comparable inner diameter and crystallinity compared with the MWCNTs with average outer diameter of 40 nm, and showed that the MWCNTs with average outer diameter of 40 nm possessed larger negative CTE than that with average outer diameter of 25 nm (Shirasu, et al., 2016 (Shirasu, et al., , 2017a .
It is well known that CNTs and graphene with sp 2 hybridized bonds has negative CTE (Bailey and Yates, 1970) .
This negative CTE can be explained by Grüneisen theory, i.e., whether a solid expands or contracts upon heating depends on the balance between phonon modes with positive and negative Grüneisen parameters (Schelling and Keblinski, 2003) . At low temperatures, transverse acoustic modes which correspond to the out-of-plane atomic vibrations of the crystal lattice may exhibit negative Grüneisen parameters. Schelling and Keblinski (2003) investigated the thermal expansion property of SWCNTs using both lattice dynamics calculations and molecular dynamics (MD) simulations. They found that the axial CTE of SWCNTs at room temperature was negative while it showed positive at high temperatures. The results obtained our previous studies as mentioned above may be explained by the Grüneisen theory. However, the structure and crystallinity of the experimentally grown CNTs vary with synthesis method and conditions, and normally such CNTs possess structural defects composed of sp 3 bonds. Diamond which is composed of sp 3 hybridized carbon atoms shows positive CTE. In fact, Schelling and Keblinski (2003) demonstrated that the diamond showed the positive Grüneisen parameters, resulting in positive value of CTE at all temperatures. Thus, the CTE of CNTs may depend on the crystallinity (i.e. the amount of sp 3 carbons). Furthermore, the crystallinity of CNTs may affect the mechanical properties of CNTs itself and CNT reinforced composites as well as the CTE. Because precise knowledge of the CTE and mechanical properties of experimentally grown MWCNTs with different crystallinity are crucial in designing CNT-based composites and devices, the evaluation of effects of crystallinity of MWCNTs are needed. Here, we investigated the effects of annealing temperature of MWCNTs on the mechanical and thermal expansion properties of composites. It is well known that the thermal annealing is effective for improving the crystallinity of MWCNTs. As-grown MWCNTs and two types of thermally annealed MWCNTs with annealing temperature of 2400˚C and 2900˚C were prepared, and these MWCNTs possess a significantly different crystallinity but with almost the same diameter and length. To determine the CTE of MWCNTs in the axial direction, the CTE of composites in the MWCNT alignment direction was evaluated and the axial CTE of the MWCNTs was estimated using the Turner's model.
Experimental procedure
Drawable MWCNT forests were synthesized by a chloride mediated chemical vapor deposition method using acetylene and iron (II) chloride as the base material and the catalyst, respectively. The detailed procedure for the preparation of drawable MWCNT forests is reported elsewhere (Inoue, et al., 2008) . The outer diameter, inner diameter and length of the MWCNTs were approximately 40 nm, 8 nm and 700 μm, respectively. The MWCNT sheets were dry-drawn from the drawable MWCNT forests and wound onto a rotating plate (Shirasu, et al., 2017c) , and then thermally-annealed by using a resistance heated graphite element furnace (Kurata Giken SCC-U-80/150, Japan) under argon atmosphere. Annealing temperatures are 2400˚C and 2900˚C. The outer diameter, inner diameter and the number of nanotube shells of the MWCNTs are summarized in Table 1 . Transmission electron microscopy (TEM; JEOL Table 1 Outer diameter, inner diameter and the number of nanotube shells for three types of MWCNTs.
The MWCNTs used in this study possessed almost the same outer and inner diameter. Annealing temperature (˚C)
The number of nanaotube shells As-grown 40 ± 10 8 ± 3 47 ± 12 2400 36 ± 9 7 ± 2 43 ± 13 2900 41 ± 11 7 ± 2 50 ± 15 JEM-2100F, Japan) observation showed that the MWCNTs have almost the same outer and inner diameter. Raman scattering spectroscopy (JASCO NRS-5100, Japan) was used to measure the nanotube crystallinity, and the Raman intensity ratios (R = I D /I G ) were calculated for each sample, along with the average and standard deviation for each of the MWCNT type. The measurements were carried out at room temperature under ambient conditions using an argon ion laser with an excitation wavelength of 532 nm. Aligned MWCNT reinforced epoxy composites were fabricated by a hot-melt prepreg method (Ogasawara, et al., 2011) . The MWCNT monolithic sheets and a partially cured epoxy resin (B-stage epoxy) with a release paper were used as the starting materials. The epoxy resin system was bisphenol-A type epoxy, novolac-type epoxy, and an aromatic diamine hardener. The detailed procedure for composite preparation is described elsewhere (Shirasu, et al., 2017a) . We calculated the weight fraction of MWCNTs from the masses of the MWCNT sheets (before impregnation of the epoxy) and the composites. Having obtained the weight fraction of the MWCNTs, we calculated the volume fraction of MWCNTs assuming that the densities of the MWCNTs and epoxy were 2.0 g/cm 3 and 1.2 g/cm 3 ,
respectively. The volume fraction of MWCNTs was controlled by changing the number of wound layers of MWCNT sheets, and the values for the composite samples prepared were found to be in the range from 15 to 26 vol.%. Tensile tests of the composites in the MWCNT alignment direction were conducted to evaluate the tensile strength, Young's modulus and failure strain using a tensile test apparatus (Instron Model 5965, USA) with a 50 N load cell. The length, width and thickness of the samples were 45 mm, 2 mm and 0.030-0.040 mm, respectively, where the length is along the MWCNT alignment direction. The width and thickness dimensions of the composite samples were measured by the scanning electron microscope (SEM; JEOL JSM6510, Japan). The crosshead speed was 0.2 mm/min and the gauge length was approximately 18 mm. Strain was measured by a laser displacement meter with a resolution of 0.1 µm (Keyence LS-7600, Japan), following which the Young's modulus was calculated from the slope of the stress-strain curve.
We measured the CTE of the composites in the MWCNT alignment direction. The detailed procedure for CTE measurement has been reported elsewhere (Shirasu, et al., 2017a) . The sample was put on a temperature control unit (a Peltier cooling stage and a hot plate), and the temperature of the composite sample was measured by a thermocouple. The length change was monitored by a laser displacement meter in the temperature range from 0 to 40˚C. The ramping rate was 10 K/min. In this study, the average CTE of the composites in the above temperature range was evaluated, and the formula of CTE is given:
where α c is the CTE of the composites, ΔT is the temperature difference (40 K), L is the initial length of the sample and ΔL is the increased length. The slope of ΔL/L against ΔT curve over the temperature range was obtained using experimental data to determine α c . The CTEs of the MWCNTs were calculated by substituting the CTE of the epoxy and composites and Young's modulus of the epoxy and MWCNTs into Turner's model (Turner, 1934) such that:
where V is the volume fraction and α and E are the CTE and Young's modulus. The subscripts "CNT" and "m" for V, E and α refer to the CNT and matrix, respectively. The CTEs of the MWCNTs (α CNT ) were calculated for each specimen, along with the average and standard deviation for each of the MWCNT type.
Results and discussion
First, TEM and Raman spectroscopic technique were used to evaluate whether the structural evolution is occurring during annealing process. Fig. 1 shows TEM images and Raman intensity ratio (R = I D /I G ) of the MWCNTs. It can be seen that the R values decrease with the increasing annealing temperature, which suggests that the defective structure transformed into a stable graphite planer structure by the annealing treatment. This structural evolution can be also observed by TEM. The as-grown MWCNTs consist of slightly undulating graphitic hollow structure with the nanotube axis (Fig. 1a) , and they possess several types of structural defects such as discontinuous flaws, kinks and bends and remnant catalysts (Fig. 1a, b) . For the nanotubes annealed at 2400˚C (Fig. 1c) , the degree of waviness of the nanotube shells seems to decrease. Through the thermal annealing at 2900˚C (Fig. 1d) , the undulating structure disappears and the MWCNT consists of nested graphitic multiwalled shells that are almost perfectly aligned with the nanotube axis, even though the structural defects such as kinks and bends were still visible on a subset of the nanotubes (Fig. 1e) . Figure 2 shows the cross-sectional views of the composite and the MWCNT distribution in the composite as observed by SEM. The epoxy resin well penetrated between MWCNTs and the majority of the MWCNTs are aligned although some MWCNTs are inclined with respect to the alignment direction. Tensile tests were carried out on the aligned MWCNT reinforced epoxy composites to evaluate the mechanical properties. Fig. 3 shows the Young's moduli, tensile strengths and failure strains of the composites. The Young's moduli and tensile strengths of the composites tend to increase with the MWCNT volume fraction regardless of the annealing temperature. However, the thermal annealing has no major effects on both properties. Additionally, no significant annealing temperature and MWCNT volume fraction dependence of failure strain is seen, and its value is approximately 0.5%. The authors have investigated experimentally the mechanical properties of the individual MWCNTs by conducting uniaxial tensile tests that have been performed with a manipulator inside the vacuum chamber of SEM. The detailed procedure for tensile testing is described elsewhere (Yamamoto, et al., 2010; Shirasu, et al., 2017b) . The measured mechanical properties including nominal tensile strength, Young's modulus and failure strain are summarized in Table 2 . It can be seen that no clear difference in the mechanical properties between as-grown and thermally annealed MWCNTs is seen, which suggests that the structural changes observed in this annealing conditions used in this study may lead to no significant effect on both the nominal tensile strength and Young's modulus. This is mainly because the as-grown MWCNTs used in this study include the structural defects, i.e., kinks and bends and discontinuous flaws that are not completely removed by thermal annealing and are still observed in the thermally annealed MWCNTs even though the as-grown MWCNTs possess an intermediate level of crystallinity (R = 0.31) (Shirasu, et al., 2017b) . Intensity (a.u.) : Shirasu, et al., (2017b) Next, the thermal expansion property of the aligned MWCNT reinforced epoxy composites was evaluated. The variations of the thermal strain of the pure epoxy and composites in the MWCNT alignment direction as a function of temperature difference are shown in Fig. 4 . The thermal strain of the epoxy increases with the temperature. However, the thermal strain of the composites containing as-grown MWCNTs significantly decreases with the addition of 16 vol.% MWCNTs, and thermal contraction is seen in composites containing 21 vol.% MWCNTs. The composites containing thermally-annealed MWCNTs show that a trend of decreasing thermal strain is observed with the increasing temperature regardless of the volume fraction of MWCNTs. These results suggest that the MWCNTs have negative (2011) axial CTE values. The MWCNTs possessed a high aspect ratio (length/diameter > 17000) and were aligned along almost the same direction in the composites. Thus, the composites can be modeled as polymer composites reinforced with unidirectionally aligned fibers, and the CTE of the composites in the MWCNT alignment direction, α c , may be expressed by Turner's model (Turner, 1934) as described in Eq. (2). The Young's moduli of the MWCNTs used in this study are listed in Table 2 . The CTE and Young's modulus of the epoxy are 3.9 × 10 -5 K -1 and 2.5 GPa (Ogasawara, et al., 2011) , respectively. Fig. 5 shows the dependence of the CTE of the MWCNTs upon the annealing temperature of the MWCNTs. In addition to the CTE dependence, Fig. 5 gives the relationship between Raman intensity ratio and annealing temperature. The MWCNTs possess negative CTEs and the CTEs tend to become more negative with increasing annealing temperature, and the CTE is correlated with the Raman intensity ratio. Here, the authors have discussed the effect of MWCNT orientation on the CTE of the composites in the MWCNT alignment direction (Shirasu, et al., 2016) . Even though the composites prepared by the same method in this study had the orientation factor of 0.8 (for a perfectly aligned sample, the orientation factor would be 1 and for a composite where the MWCNTs are randomly oriented, the orientation factor would be 0), we confirmed that this degree of mis-alignment is so small that this inclination is negligible within the required calculation accuracy. As mentioned in the Introduction, it is well known that diamond which is composed of sp 3 hybridized carbon atoms shows positive CTE, while graphene with sp 2 hybridized bonds has negative CTE (Bailey and Yates, 1970) . Schelling and Keblinski (2003) studied that the axial CTE for the SWCNTs was -0.9 × 10 -6 K -1 at room temperature, and this result was associated with the negative Grüneisen parameters. On the other hand, for the diamond, all the Grüneisen parameters were positive, which led to a positive CTE at all temperatures. Demichelis et al. (1993) evaluated the CTE of hydrogenated amorphous carbon films with different concentrations of sp 2 carbon. These researchers showed that CTE of the hydrogenated amorphous carbon films varied with the sp 2 /sp 3 ratio. Emmerich (2014) showed the axial CTE of several kinds of polyacrylonitrile (PAN)-based carbon fibers (Torayca® T1000, M40J and M60J) manufactured by Toray Industries, Inc. The axial CTE of such carbon fibers at room temperature were in the range of -1.10 --0.55 × 10 -6 K -1 whose absolute values are smaller than those of MWCNTs used in this study. This discrepancy may be due to the irregular arrangement of the graphene layers in the carbon fibers. Nonetheless, it depended on the fiber crystallinity, i.e., the negative CTE increased with decreasing longitudinal concentration of defective region of length and increasing Young's modulus and electrical conductivity. In addition to above studies, we have evaluated the axial CTE of DWCNTs with different number of defects such as vacancy and sp 3 intershell crosslinks by MD simulations, which demonstrated that the DWCNTs with smaller amount of defects were shown to possess negative CTEs, but the CTEs tended to become less negative or positive values with increasing the number of defects (unpublished data). The as-grown MWCNTs used in this study showed higher intensity of D-band compared with the thermally annealed MWCNTs, suggesting that the as-grown MWCNTs had a large amount of small defects (i.e., vacancies, Stone-Wales defects and intershell cross-linking defects associated with sp 3 carbons) in addition to the structural defects as shown in Fig. 1a and b. These small defects and sp 3 carbons may cause reduction of the negative CTE of the MWCNT in the axial direction. On the other hand, when the MWCNTs were annealed at 2900˚C, its crystallinity considerably increased (R = 0.04). This can be explained by a decrease in the number of such small defects and intershell cross-linking defects, and an increase in the sp 2 carbons owing to the high-temperature annealing, resulting in increasing the negative CTE.
Conclusions
In this study, aligned MWCNT/epoxy composites made with the three types of the MWCNTs with different thermal annealing temperature have been prepared, and the mechanical and thermal expansion properties of the composites in the MWCNT alignment direction were investigated. It was shown that the thermal annealing of MWCNTs is effective for improving the MWCNTs' crystallinity and the Raman intensity ratio (I D /I G ) decreased from 0.31 to 0.04. However, it had no major effects on both tensile strength and Young's modulus of the composites, which is mainly because there is no apparent difference in the mechanical properties of MWCNT itself between as-grown and thermally annealed MWCNTs. On the other hand, thermal expansion tests demonstrated that the thermal strain of the composites significantly decreased by the addition of MWCNTs and the negative thermal expansion was observed in the composites containing large volume fraction of MWCNTs. Based on these results, the CTEs of the MWCNT in the axial direction were estimated by using the CTE of the composites and the Young's modulus of the MWCNTs in Turner's model. The MWCNTs possessed negative CTEs and the CTEs tended to become more negative with the increment of the annealing temperature. This is likely to be because a decrease in the number of small defects (vacancies, Stone-Wales defects) and intershell cross-linking defects associated with sp 3 carbons, and an increase in the sp 2 carbons owing to the high-temperature thermal annealing.
